Abstract. Paper presents a survey of principles of additive manufacturing of metal objects by accretion of molten metal droplets, focusing on fluid-mechanical problems that deserve being investigated. The main problem is slowness of manufacturing due to necessarily small size of added droplets. Increase of droplet repetition rate calls for basic research of the phenomena that take place inside and around the droplets: ballistics of their flight, internal flowfield with heat and mass transfer, oscillation of surfaces, and the ways to elimination of satellite droplets.
Introduction
A new approach to manufacturing of objects has been recently gaining momentum. In contrast to traditional subtractive methods of removing not needed material from the processed product, the new method is additivethe basic idea is gradual addition of small particles to the machined product. Historically, the underlying idea of production by addition has never been completely absent -gluing together pieces of wood has always been used to make furniture and bricklayers have always made walls by adding together bricks. In the new approach, however, there are three essential novelties:
• accretion of very small, generally sub-millimetre material volumes,
• moving the accretion location by a servomechanism • computer control of the process
The main advantage of the additive manufacturing is its universality. There is no need for jigs and special tools or similar auxiliary devices. Each individual product may be specially adapted -by a change in the computer program -to become a unique original.
The additive technology, also called "3D printing", has been already developed during the past two decades but its use so far was mostly limited to mere demonstrations of the principle. Activities concentrated on developing the computer software for the purpose and demonstrating example products made from soft polymer materials. These materials, of course, made the process easy requiring no high temperatures and no high power levels. Indeed, one of the early demonstrations used a cool process: the traversed laser light induced local polymerisation inside a bath of liquid monomer. Contemporary mechanical engineering is, of course, heavily dependent on use of metals as the construction materials. If used in the additive manufacturing, metal materials bring quite a number of technological challenges -mainly, of course, associated with the high melting temperatures. There are solutions of these problems, but they have been mostly covered by patents and also need a development of some details. It has to be said that one of the reasons leading to the recent surge of interest in the additive manufacturing is the approaching expiration of patents that were mostly filed at about the turn of the millennium by pioneer inventors.
There are additive production methods that have already gained the status of practical production processes, but almost all of them follow the easier approach: the sintering of added solid metal particles (Fig. 1) . The particles are supplied in excess to the location where a power beam -mostly laser light -is applied for their partial melting and forming mutual bonds. Advantage of the sintering approach is lower demand on the input power. On the other hand, the sintering bonds between particles are generally less reliable and may result in an incomplete continuity of the inner structure of the product, with the consequence of lower acceptable mechanical loading. Since metals are chosen as the building material mainly to make components that have to carry considerable stresses, the sintering approach has its limitations.
Interest is thus gradually turning towards the more difficult additive manufacturing processes by accretion of sequentially deposited impinging melted metal drops, Fig. 2 . The drops are made in a central source and fly to their accretion position by a controlled ballistic curve. They are fixed in position by fusion -the processr encountering problems mainly caused by the high melting temperatures. Some -if not most -among the problems waiting for being solved are of melted metal droplets fluid mechanics.
Particularly challenging tasks are: • Aero/thermodynamics of droplet flight ballistics, • Dynamics of surfaces, governed by surface tension, • Droplet deformation upon hitting its target location, • Formation of the droplet from a pendant liquid exposed to heating.
Additive method: advantages and problems
The new additive manufacturing offers a number of attractive advantages. Already mentioned was its universality. Another advantage is much less limits on the complexity of what may be manufactured in a single operation. A particular complexity example in Fig. 3 shows a cross section of a beam with thin curved walls surrounding a half-closed cavity (which may be, without problems, even fully closed. In fact, the method allows producing simultaneously a set of several, mutually disconnected components -such as, e.g., a lock and its key, perhaps with the key positioned partly inside the lock. The number of simultaneously made mutually disconnected components placed inside one another is unlimited: already demonstrated was producing in a single operation a complete gearbox including all its internal gears inside. Obviously, this calls for a completely new approach to mechanical component design, not needing access windows to the internal space or fixing by screws. On the other hand, it must not be forgotten that additive manufacturing is generally very costly -and is very likely to remain so in foreseeable future. Lasers and other generators of controlled power transfer are often extremely expensive. The other problem is the manufacturing cannot be fast. It would be therefore uneconomical to apply the method to making simply shaped objects, like the girder beam the cross section of which is shown in Fig. 6 . Products suitable for the new approach have typically relatively thin curved wallsperhaps warped or twisted ( Fig. 3) with little limitation to complexity -and objects with internal cavities. Making thin walls, of course, is preferable as it requires a smaller total number of deposited drops and hence a faster production. Adding tiny droplets to cover a large crosssection area in Fig. 6 would be wastage of time and effort.
The general request for increasing production speed leads to development activities concentrating on highfrequency of molten metal formation. Very much depends on requested surface smoothness of produced objects. The higher is the required surface quality, the smaller must be the accreted droplets and the longer takes the manufacturing process. At the current top speed, additive manufacturing has already demonstrated capability to add 200 cubic inches of metal per hour -in other words, 16 10 3 mm manufacturing time increases 8-times. Some improvement in the productivity may be obtained by operating two (or more) droplet generating units simultaneously -but apart from the obvious considerable increase in the system price, not all manufactured geometries are suited for the simultaneous operation of two sub-systems without mutual interference of the deposition trajectories or servomechanism components.
Producing the molten metal droplet
There are two approaches to droplet formation:
• The metal may be melted in a larger quantity in advance and stored in a vessel from which a tiny amount is taken by some ON-OFF valve when needed ( Fig. 11) . Because of the energy demand for melting and maintaining the molten state -as well as difficulties associated with the valve design -this approach is chosen for metals with lower melting temperatures.
• Otherwise the drop is produced "on demand" -as represented schematically in Fig. 7 -by high power heating pulse applied to the metal material at an end of a wire or at an edge of a strip. Some mechanism has to translate the material to the irradiation location. Because of the high density of most metals, it is common to generate the drop somewhere above the produced object, so that transporting the molten droplet to its final location may be in principle by gravity. However, small droplet size, high requested repetition rate, and high speed of droplet flight make the gravity action insufficient. It may perhaps dominate the separation of the droplet, Fig. 9 , but the subsequent ballistics usually uses other forces. Velocities of droplet flight are nowadays in the range 2 -4 m/s -with a strong trend towards higher values. In principle the heating associated with impact on target surface might be used for melting the arriving particle, but this is rarely if ever used because the velocities necessary for significant melting effect would call for velocities at least a decimal order of magnitude higher than the above mentioned contemporary values.
Conditions governing the droplet formation "on demand" by input heating power are presented in Fig. 8 . Most important is the surface tension which has to be overcome to separate the droplet and let it move. The surface tension, characterised by quantity σ [N/m], is identical to mechanical energy per unit of surface that must be input to cause the separation. The simplest expression for the force balance of the gravity force G [N] and surface tension force, neglecting unsteady effects, viscous, and other forces would be (1) -where l [13] is the circumference of the horizontal cross-section through the "neck" of the formed droplet. The balance is unstable and the separation is facilitated by the surface tension tending to squeeze the liquid into the spherical shape characterized by the least surface energy. As shown in Fig. 9 , the "neck" contracts into a treadlike ligature, which finally (fourth drop from left in Fig.  9 ) breaks so that the droplet may begin its ballistic flight. This picture also shows one of the aspects of drop formation that has been a subject of detailed research: the broken ligature under the effect of the minimised surface energy gets transformed into a smaller droplet, called a "satellite". Because of its smaller size, the character of satellite trajectory diffes from that of the main droplet. This flight to a different spot on the impact surface deteriorates the surface quality. Formation of satellite droplets depends on the magnitude of Ohnesorge number (2) 02122-p.3 /kg] is its specific volume, and d [13] is drop diameter. This dimensionless parameter eq. (2) was introduced by Ohnesorge in 1936 in his PhD thesis [2] . As a general rule, its is recommended to adjust the drop formation conditions so that the Oh values are within the limits Oh > 0.1 and Oh < 1 as presented in Fig. 10 (it should be noted that these limit values are based on ref.
[3] where they were actually derived for inkjet printing., where the droplet formation conditions may be different). In the diagram Fig. 10 there are also other limits, derived from experimental data on droplet impact behaviour.
A specific study deserves the drop formation in the case of metal melted in advance and stored in the melted phase ( Fig. 11 -[4, 5] ). Drop is produced on demand by brief opening of a valve. Figure 12 presents a typical example of the valve performing the flow control by axial motion of the needle. The force balance on the drop is here complicated by the additional pressure forces which ref. [1] shows to be far from simple.
High-energy beams

Flame: a beam of molecules produced by combustion
The easiest way how to generate the required beam of energetic particles -in this case consisting of molecules produced by a chemical reaction -is to use a burning flame. It may have its merits, such as low cost. It may be particularly suitable -as shown schematically in Fig. 13 -for pre-heating the target are before the droplet impact.
Here it is, however, discussed mainly for completeness of the survey, because for the additive manufacturing it has considerable disadvantages. The highest available temperature, up to 3.5 kK (kilokelvins) is found in the primary flame, using the supplied O 2 . This generates roughly 2/3 of total heat production. The rest ~ 1/3 is provided by the outer, secondary flame. One of the disadvantages is flames in general do not reach very far. The length of the very hot region in front of the nozzle is comparable with the nozzle exit diameter. As shown in Fig. 13 , the fuel gas is usually brought in by the central nozzle and the oxygen through the outer annular nozzle. The secondary flame uses additional oxygen from the atmosphere. This mixing with atmospheric air decreases the temperature, often to only ~ 1 kK at the tip of the secondary (outer) flame. Also, the flame widths are generally large compared with the size of typical droplets to be melted. This makes this approach to heat generation rather ineffective for the discussed purposes. A maximum achievable value of thermal power density on the heated surfaces is approximately ~ 0.1 GW/m 2 . Figure 13 . A relatively low-intensity power transfer beam may be generated by exothermic chemical reactions -burning gas in a torch, generally with poor focusing on a small droplet.
Plasma torch: a beam of ionised gases
More powerful than the chemical reaction -and generally better suited for producing the thermal input into drops (and droplets) for their melting are plasma torches. They use energy supplied from an external source in the form of electricity. There are too many alternative variants of plasma torch designs to discuss them all in this survey in detail (most of them were developed, anyway, for a different purpose -metal cutting and welding). In essence, the impinging heating flow is here plasma (or hot gas with a certain plasma contents) generated by the voltage difference between two electrodes (Fig. 14) . One of the electrodes, the cathode, is positioned upstream. Downstream, at or near the exit is a hollow anode. Plasma generated by arc was introduced in 1957 by Dr. R. Gage whose Patent [6] gave for 17 years a virtual monopoly to Union Carbide, Gage's employer. Meanwhile, Prof. Browning [7] and his graduate student Thorpe were developing their own plasma torches concentrating on the task of obtaining high temperature. They managed to achieve 5.6 kK, more than the temperature of sun photosphere. The gas that is ionised to become the power carrier for metal heating is mostly an inert one, such as Ar, because even tungsten electrodes would erode rapidly in the presence of oxygen. Much welcome was discovery by Soviet researchers [8, 9] of hafnium and zirconium electrodes, capable of working with air. The jet, issuing from the orifice in the anode, is narrow due to electric gradient. Since this means the temperature may be concentrated in a small cross-section area on jet axis, plasma torches may reach high power density, generally as high as 5 GW/m 
Laser light: photon beams
Lasers generate beams of photons emitted by a process of optical amplification. Because of the high coherence, the generated laser light beam may remain narrow over long distances -and may be effectively focused by an optical system to a very small illuminated spot. Also here are many existing variants. The best solution for industrial uses is offered by CO 2 lasers, invented by Patel [10] . They can continuously emit many hundreds of watts in a single spatial mode in the thermal infrared at 10.6 μm. It is possible to reach power density values of the order 10 GW/m 2 . Important is the fact that efficiency of CO 2 lasers is quite high, over 30%.
Very important is the capability of lasers to operate in the mode of extremely short pulses. The table-top sized multi-pass laser described in [11] generates at infra-red in picosecond pulses a power 1.4 kW. Ref. [12] discusses picosecond and femtosecond regime (1 fs = 10 í15 s) pulsed lasers processing components by the additive manufacturing of Ni-and Ti-base alloys. Due to the short pulse duration, power density may easily reach values above 10 TW/m 2 . Lasers thus can easily melt metal drop- lets so as to form a dense chain (Figs. 17, 18 ) -the drop density limited only by the physical dimensions of the drops. Unfortunately, not only the laser itself but also its necessary accompanying facilities tend to be very expensive.
Electron beams
The inventor of this approach to generation of power carrying beams -in this case beams of electrons -was Pirani [13] working for Siemens in Germany. Electrons possess extremely small mass m = 9.1 · 10 í31 kg and a negative electric charge e = 1.6 · 10 í19 C. Free electrons in vacuum may be thus very much accelerated by high voltage, usually applied in the range from ΔU = 10 kV to 1 MV, in narrow beams carrying high kinetic energy transformed into heat upon the impact on solids.
The extraordinary values of handled energy, difficult to compare with common phenomena, has led in this field to introduce an auxiliary unit (not SI) eV = electron volt.
It is approximately equal to 1. 6 10 -19 Ws. For comparison, photons of visible light carry 1.5 -3.5 eV, the electron gun in a cathode ray display tube operate with approximately 20 keV, and energy of medical Xrays is typically 0.2 MeV. Electrons are emitted from cathode (Fig. 16) . They are the conduction electrons in cathode metal (i.e. not bound to atoms). Leaving the cathode requires getting kinetic energy higher than the potential barrier -which e.g. in tungsten is 4.5 eV (often used cathode material is lanthanum hexaboride LaB 6 , with the low barrier level around 2.5 eV). Thermionic cathodes use the fact that following the Richardson's rule, the number of electrons possessing the required kinetic energy increases with metal temperature. Another approach is field emission electron gun applying extremely high electric field gradient, typically 10 9 V/m. The beam of electrons may be shaped into a narrow cone by magnetic "lenses" -suitably configured coils. 
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Of course, considerable practical disadvantage of the electron gun is the fact that the electrons can move over the distances of interest only in vacuum -which complicates and slows down the placing of the processed object into its position.
Kinetics of metal drop motion
Behaviour of molten metal drops in their use for additive manufacturing presents many unanswered questions. Obtaining a deeper understanding is obviously necessary for making the "3D printing" more efficient and therefore more widely applicable. There is also the question of higher surface quality of the manufactured object without decreasing excessively the drop size.
Because of the complexity and at the same time difficulties associated with experimental investigations of high temperature molten metals, it may be convenient --at least in the initial stages -to simplify the analysis by separating two aspects:
• The fluid mechanics of metal drop motion, and • Thermomechanics of heat and mass transfer between the drops, their environment (either gas atmosphere or vacuum), and finally the surface on which they are deposited.
Ballistics of droplet flight
Fluid mechanics of drop motion must take into account several important specific facts. One of them is the oscillation that was observed to take place immediately after the drop separation from its source. This may endanger the required high precision of drop motion trajectory -in a similar manner as the oscillation influences the motion of the complementary objectsbubbles in liquid [14, 15] . The importance of the initial part of the droplet trajectory increases with the demands of productivity resulting in the trajectories being rather short. In spite of the rapid viscous damping, because of the generally low Reynolds numbers, the oscillation can significantly influence the initial stages of the separated drop -and these stages are very important because of the general demand to shorten the length of the droplet flight trajectory due to the demands of increased productivity. Also because of the demands of higher productivity, there is a strong tendency to produce and eject the drops at very high repetition rates. The presence of neighbor drops may influence significantly their trajectories. The drops are likely in near future to move in chains, with rather short distances between the chain members, as is shown in Fig. 15 . This means the studies of an individual drop flight, while certainly a useful starting point, are no more than just a preliminary to studies of the motion in chains [4] -especially in those cases where the drops fly in gas atmosphere and thus move in the wake of the predecessor drop. In present-day additive manufacturing systems the frequency of drop generation (Fig. 19) is not particularly high -typically of the order from 2 Hz to 10 Hz -but already foreseen are requirements of working with frequencies higher than these by a decimal order of magnitude. This results in very short times Δt, less than 0.1 s , that is available for delivering into the forming drop the heat for its melting.
Admittedly, at present the velocities of drop ballistic motion in additional manufacturing facilities are not very high; characteristic values being let us say between 2 m/s and 4 m/s. This motion speed determines the pitch distance ΔX between the drops flying in a chain -the value ΔX = 5 d in Figs. 18 and 19 is here chosen as very probably characteristic for the conditions in the very near future. Later condition have to be expected. even higher values The hydrodynamic drag of droplets in a dense chain differ significantly from the usually considered Stokes' law. 
Dynamics of impact
Important mechanism influencing proper deposition of the metal from the drop to the target area is the dynamics of droplet impact on its target location. This is a complex problem calling for deeper fluid mechanical studies. There are some not very numerous papers (such as, e.g. [3] and [16] ) analyzing the drop impact processes -but their interest was directed towards a different branch of technology: the impact of ink drops on paper, investigated because of the needs of developed inkjet Figure 20 . Conditions at the impact should be adjusted so that its dimensionless parameters fit into the deposition region shaded in this diagram. The splashing regime is particularly unwelcome since the impinging droplet there is deformed into a thin layer on the impingement surface rather than a blob suitable for the role of building a structure.
02122-p. 6 printers. Some, predominantly qualitative information may be transferable from there, but the need of detailed analysing the process for the purposes of manufacturing of metal objects is obvious.
One of the aspects that may significantly change the character of the impact is the quite often applied heating of the target area, Fig. 16 , especially if the heating is at the (quite desirable) level at which the target surface becomes melted. The impact can then get the character of liquid/liquid interaction [17] , with the splattered droplet generating the well known "milk crown" configurations, many times reproduced in early high-speed photography.
On the other boundary in Fig. 20 , the one opposite to the splashing limit, the proper deposition of the drops may be influenced again by the shape oscillation, Fig 20 -some information about which is known from ref. [14] .
It is now well established that the character of the drop impact is determined by the pair of dimensionless characterisation number, the impact Reynolds number:
where w imp [m/s] is the velocity of the drop prior to the impact, and the Weber number of impact: (4) Substantial role in the dynamics of the motions -such as, e.g., of the rebound oscillation (Fig. 2) -has the characteristic impact time:
The splattering or splashing is an unwelcome phenomenon for the additive manufacturing because it reduces the height of the added material and thus reduces the manufacturing speed. It is also likely to aggravate the quality of generated surface, especially at high Reynolds numbers of the impinging motion. As shown in Fig. 20 that combines some aspects of available information about the impact, there is a regime suitable for the drop deposition, the boundaries of which are mainly dependent on the value of Ohnesorge number, eq. (1).
Figure 21
Shape oscillation in the rebound regime is governed by surface energy (and also by viscosity that determines damping of the oscillation). Conditions correspond to those discussed in [14] .
Droplet thermomechanics
The unusual term "thermomechanics" is here used due to the fact that the unsteady thermodynamics of generated drop, cooled during flight and finally solidified involves several aspects of the process, involving also thermokinetics of heat transfer across the droplet surface. Moreover, unless the processes take place in vacuum, there are present also chemical changes because the drops tend to be very soon covered by a layer of oxides. The heat transfer, as suggested in Fig. 22 , is also strongly dependent on the difficult to access internal flowfield inside the drop -partly perhaps generated by the skin friction and partly by the inertia of the internal flows in the drop during its formation and separation from the solid mother metal.
Of particular importance are also the extraordinary magnitudes of the radiation heat transfer, involving the extreme devices discussed in Sect. 4. Their high intensities means the governing laws are quite likely to involve nonlinear terms, usually neglected in the relations of standard thermokinetics.
In this paper of survey character, details of these problems cannot be discussed. It is, nevertheless, useful to list them and to provide some basic data for order-ofmagnitude considerations. The essential question that may be asked is the magnitude of thermal energy that has to be delivered into the metal particle so that it is melted and becomes the droplet. The essential information is presented in the diagram Fig. 24 . For a range of drop diameters and several representative metals are there plotted thermal input data evaluated from the quantities 02122-p.7 Figure 24 . Order-of-magnitude diagram for evaluation of energy to be delivered into solid spheres of various size so as to convert them into the liquid drops. Interestingly, the requirements are nearly the same for many metals.
presented in the accompanying table. A somewhat surprising fact visible in Fig. 24 is the critical dependence of heat transfer on the metal droplet diameter d -while the dependence on the sort of the metal is rather small, almost negligible for the metals of interest (despite the quite wide range of values of the properties in the table on the previous page). Also the order of magnitude spread of the necessary thermal input into the droplet may be interesting, from less than 1 mWs on one side to full one joule (J = Ws) and more for larger drops.
It is interesting to note in the next Fig. 25 how large power densities are actually needed for melting a modelled stainless steel spherical drop partly irradiated, as described in Fig. 23 . To overcome the problem of some of the power transfer radiation impinging at a very small incidence angle (and hence reflected rather than absorbed), the model used for the evaluation according to Figs. 23 and 25 considers only absorption on surface area diameter equal to only one half of the overall droplet diameter d. The irradiated surface is considered ideally black, absorbing all incident radiation. The heating is assumed applied in a pulse lasting for the whole droplet formation time (determined by the formation frequency f). As seen in the diagram Fig. 25 , the required thermal power density values for melting the metal may be very high -but fortunately lower than the limits discussed above in Sect. 4 and summarised in Fig. 26 . 
Conclusions
This paper presents, at an introductory level, a general survey of the principles on which is based the recently popular additive manufacturing. The discussion focuses on problem areas that call for deeper investigation. The key problem is low production speed due to the small size of the added droplets and limited repetition rate of their formation. The small droplet size, of course, is necessary for obtaining good quality of produced surfaces -and is also desirable as it decreases the necessary thermal power delivered into the melted droplet. Improvement in productivity needs paying attention to deeper understanding of the processes in the droplets. Some useful information is obtained from earlier studies directed at inkjet printing; nevertheless the molten metal brings its own problems. Some research areas mentioned in this paper are ballistics of controlled flight, undesirable formation of satellite droplets, melted surface oscillation, internal flowfield inside the droplet, and the heat and mass evaporative loss. Most of these problems are of fluid-mechanical and thermokinetic nature.
